DNA triplex and quadruplex structures have been successfully detected by electrospray mass spectrometry. Circular dichroism and UV-melting experiments show that these structures are stable in 150 mM ammonium acetate at pH = 7 for the quadruplexes and pH = 5.5 for the triplexes. The studied quadruplexes were the tetramer [d(TGGGGT)] 4 , the dimer [d(GGGGTTTTGGGG)] 2 , and the intramolecular folded strand dGGG(TTAGGG) 3 , which is an analog for the human telomeric sequence. The absence of sodium contamination allowed demonstration of the specific inclusion of n-1 ammonium cations in the quadruplex structures, n being the number of consecutive G-tetrads. We also detected the complexes between the quadruplexes and the quadruplex-specific drug mesoporphyrin IX. MS/MS spectra of [d(TGGGGT)] 4 and the complex with the drug are also reported. As the drug does not displace the ammonium cations, one can conclude that the drug binds at the exterior of the tetrads, and not between them. For the triplex structure, the ESI-MS spectra show the detection of the specific triplex, at m/z values typically higher than those typically observed for duplex species. Upon MS/MS the antigene strand, which is bound into the major groove of the duplex, separates from the triplex. This is the same dissociation pathway as in solution. To our knowledge this is the first report of a triplex DNA structure by electrospray mass spectrometry.
Introduction
Nucleic acids are the target of many different kinds of small molecule drugs. For example, a very successful approach for the development of antitumor drugs is the targeting of doublestranded DNA in order, for example, to interfere with the replication process to stop cell proliferation 1, 2 . Another kind of nucleic acid target is RNA. RNA can fold in very diverse tertiary structures, and is responsible for different functions in cells (and in particular, gene expression). It is also a validated drug target for antibacterial treatment 3 . Several review papers have described the hows and whys of the electrospray mass spectrometry technique for the investigation of noncovalent complexes [4] [5] [6] [7] , and its implications for drug discovery 8, 9 . In particular, several groups have reported the study of noncovalent complexes of small molecules with double-stranded DNA [10] [11] [12] [13] [14] [15] or with RNA [16] [17] [18] . Drug-nucleic acid interactions studied by ESI-MS have been reviewed recently 19, 20 .
The present paper is part of a research program which aims at developing the use of ESI-MS for the study of small molecule interactions with various DNA targets including doublestranded DNA, but also G-quadruplexes and triple helices [21] [22] [23] . The latter two structures are formed by hydrogen bonding interactions different from those in the Watson-Crick binding mode encountered in double-stranded B-DNA (see Figure 1 ). This first step, reported here, is the characterization of triplex and quadruplex targets by ESI-MS and the study of the experimental conditions (buffer, source conditions) that allow preservation of these DNA structures.
G-quadruplex structures are formed by the planar arrangement of four guanine bases, as shown in Figure 1 (a). These structures are encountered at the ends of chromosomes, the telomeres. Telomeres are a repeat of guanine-rich sequences that have several functions essential for genome integrity. The human telomeric repeat is (TTAGGG), and the extreme terminal part of the telomeric DNA can form an intramolecular quadruplex structure.
Telomerase, a reverse transcriptase enzyme, adds guanine-rich repeats to the ends of chromosomes to preserve the telomere length. Telomerase and telomeres are the focus of a great number of studies as a result of the implications of telomere-length regulation for cell immortality and cancer. 24, 25 Since it has been shown that G-quartet structures inhibit telomerase in the protozoan Oxythicha 26 , G-quadruplex structures have become attractive targets in cancer research 27 . There is therefore an active search for drugs that would stabilize the folded conformation of the telomeres, which inhibits telomerase activity. 1d ) is an intramolecular folded quadruplex mimicking the human telomere.
In a triple helical DNA (or triplex), a single-strand oligonucleotide binds into the major groove of a double helix. The hydrogen bonding interactions between the bases of the third strand and those of the duplex are referred to as Hoogsteen or Hoogsteen-like hydrogen bonds (Figure 1e ) 38 . DNA triplex formation offers an elegant approach for targeting double-stranded DNA (antigene approach) or RNA (antisense approach) with extensive sequence recognition 39 . Here we report the detection of a DNA triplex (an antigene strand bound to a B-DNA duplex). The stability of a triple-helix is usually less than that of double stranded DNA structures under physiological conditions. This is due, in part, to the electrostatic repulsion between the third strand and the duplex (an acidic pH is necessary to protonate the cytosines of the third strand 38, 40 ). There is also an active search for drugs that would stabilize triplex structures 41, 42 . To our knowledge, this is the first report on the observation of triplex DNA by electrospray mass spectrometry.
Experimental section

Materials
All Single stranded oligodeoxyribonucleotides were purchased from Eurogentec (Angleur, 
CD spectroscopy
CD spectra were recorded using a Jobin Yvon CD6 spectropolarimeter using 1-cm pathlength cell at 20 °C. The CD spectrum of each sample is the average of four scans. The spectral contribution of ammonium acetate was subtracted using the software supplied with the spectrometer.
Thermal denaturation
Thermal denaturations were performed using a UV spectrophotometer Lambda 5 (Perkin Elmer, Norwalk, CT, USA) interfaced with a PC XT for data acquisition. The quartz cells were heated with a Julabo F25 heating circulator (Kutztown, PA, USA).
Mass Spectrometry
For the quadruplexes, two different instruments were used: an LCQ ion trap instrument (ThermoQuest, San Jose, CA), equipped with its standard heated capillary electrospray source, and a Q-TOF2 instrument (Micromass, Manchester, UK), equipped with a Z-spray source. Both were operated in the negative ion mode. To obtain a stable electrospray signal, it was necessary to add 15% methanol just before injection. Unless mentioned explicitly in the text, the source conditions were as follows. For the LCQ, the heated capillary temperature was set to 180 °C, the tube lens offset was set to 35 V and the voltage on the heated capillary to -10 V (the skimmer is at ground). Collisional activation was also minimized in the octapoles. For the triplex, the Q-TOF2 instrument was preferred, both for its larger mass range, and for the more adequate desolvation that could be achieved. A source block temperature of 70 °C, a desolvation temperature of 100 °C, a cone voltage of 40 V, and a collision energy of 10 eV were used.
Results and Discussion
G-Quadruplex DNA
CD and UV monitoring of melting in ammonium acetate
UV-melting experiments were performed to probe the stability of the quadruplex structures in solution.
We have recorded the absorbance spectra at 260 nm and 295 nm in parallel for the quadruplexes as a function of temperature (raw data not show). DNA denaturation (for duplexes, triplexes and quadruplexes) is always characterized by a hyperchromism at 260 nm upon increasing the temperature. 45 that a decrease of the absorbance upon increasing the temperature is specific to the dissociation of G-quartet structures. All melting profiles obtained were sigmoidal and the hypochromism observed at 295 nm upon denaturation confirmed that a quadruplex structure was present (data not shown). The melting temperatures obtained at 295 nm were similar to those obtained at 260 nm.
Circular dichroism (CD) was used to characterize the solution conformation of the studied quadruplexes in ammonium acetate. The CD data allow establishing consistent assignments for parallel and antiparallel quadruplex DNA. This nomenclature refers to the relative orientation (5' → 3') of the strands in the quadruplex. A parallel quadruplex has a maximum near 265 nm and a minimum near 240 nm. An antiparallel quadruplex is characterized by a maximum near 290 nm and a minimum near 260 nm 33, 46 . Previous studies have demonstrated that NH 4 + cations have a stabilizing effect on a G-tetrad [29] [30] [31] [32] [33] . Ammonium cations ( 15 N labeled) are even used as probes of quadruplex formation. Nuclear overhauser effects (NOEs) observed between the NH 4 + ion and guanine imino-protons show that ammonium ions are located between adjacent G-quartets 43 .
We have performed CD experiments to characterize the quadruplex formation in 150 mM ammonium acetate at 20 °C. Figure 2 shows the CD spectra of the three quadruplexes.
Quadruplex Q1 (Fig. 2a) is a parallel quadruplex in NH 4 OAc. For quadruplexes Q2 and Q3
( Fig. 2b and 2c) , the CD spectra indicate an antiparallel conformation. For the human telomeric sequence Q3, the same CD spectrum is observed in NaCl and KCl 47 
ESI-MS
The ESI-MS spectrum of Q1 shows the tetramer in two charge states ( Figure 3) . The peaks at m/z 1499.7 and 1875 correspond to the four-stranded structure (TGGGGT) 4 demonstrated by molecular modeling studies 48, 49 that G-quadruplexes are very stable and rigid structures, and that the cations inside the structure between two adjacent tetrads play a role to stabilize the molecule. Some single strands with 1 or 2 negative charges are also observed. In the electrospray source conditions used for duplex DNA detection, no ammonium adducts are usually formed, due to the facile loss of neutral NH 3 . For the quadruplex Q1, the fact that the complex is selectively detected with 3 ammonium ions indicates that these three ions are bound very tightly to the quadruplex. They would be readily lost if they were nonspecifically attached to the DNA phosphate groups.
The ESI-MS spectra of the quadruplexes Q2 and Q3 are shown in Figure 4 . For Q2, the most intense peak corresponds to (GGGGTTTTGGGG) 2 5- . As this strand cannot form a WatsonCrick self-complementary duplex, it is highly probable that the dimer is formed due to a Gquadruplex motif like that illustrated in Fig. 1c . For the quadruplex Q3, only the singlestranded form is detected. It is impossible at this stage to assess whether it is in an intramolecular folded G-quadruplex conformation or in an unfolded conformation.
Because it was shown that for Q1 there are clearly three ammonium cations in the quadruplex, we expected to observe (n-1) ammonium adducts for all quadruplexes, n being the number of consecutive G-tetrads. Figure 5 (a-d) shows enlargements of the 5-charge state peak of quadruplex Q2 for different source conditions. It is clear that Q2 needs much softer source conditions than Q1 in order to avoid the loss of the ammonium adducts. Nevertheless, it is possible to observe the Q2 quadruplex with specifically 3 ammonium adducts (n = 4) in very soft conditions. In the Q-TOF2, these conditions were achieved by lowering the cone voltage to 15 V and the collision energy in the MS mode to 6 eV (as opposed to the standard 10 eV recommended by the manufacturer). In the LCQ, suitably soft conditions were attained with a low capillary temperature (110 °C), a low capillary voltage (-8 V) and a tube lens offset of +35 V. The spectra recorded using the Q-TOF2 and the LCQ look very similar. For the quadruplex Q3, Figure 5 (e-h) shows the effect of the capillary temperature of the LCQ on the adducts. The lower the temperature, the larger the amount of adducts, but no specific stoichiometry is noticeable. This indicates that, if any ammonium is occluded in the G-tetrads, it is as easily removed in the gas phase as nonspecific adducts on the phosphate groups.
The comparison between Q1, Q2 and Q3 shows that the stability of the ammonium cations in the tetrads depends on the conformational strains induced by the loops of the quadruplex. Q1 is a tetramer that has no loop and the specific ammonium adducts are very stable; Q2 is a dimer that has two loops and the specific adducts could be detected only in very soft conditions; Q3 is an intramolecular folded-back structure with three loops and no specific ammonium adducts could be detected. It is worth mentioning here that the inclusion of ions between the tetrads of an intramolecular tetraplex has never been evidenced by solution methods either, to our knowledge.
Specific drug binding
Based on the stoichiometry and on the ammonium adducts, it is still impossible to assess whether Q3 has a folded or unfolded conformation in the gas phase. We therefore studied the complexation of the quadruplexes with mesoporphyrin IX (MP, see structure in Figure 6 ). MP shows a weak but very specific binding to quadruplex structures compared to single-stranded, duplex or triplex DNA 50, 51 . Figure 7 shows the ESI-MS spectra of a mixture of MP (10 µM Figure 8 shows the MS/MS spectra of (a) [(TGGGGT) 4 At lower activation amplitude and longer reaction times, the loss of the ammonium ions is the predominant fragmentation pathway (data not shown), and this is therefore the lowest energy pathway.
ESI-MS/MS
Upon collisional activation of the complex of Q1 with MP (Fig. 8b) , the drug leaves the quadruplex structure either with one negative charge or as a neutral. The intact corresponding quadruplex with its three specific ammonium ions is observed at the charge states 4-and 5-.
Some single-stranded TGGGGT 2-and triple-stranded [(TGGGGT) 3 ] 3-can also be detected.
These originate from the subsequent dissociation of the quadruplex Q1 (see Fig. 8a ). A similar behavior was reported by David et al. 37 for the dissociation of a complex between Tel01, a drug that stacks at the ends of the tetrads, and a quadruplex. This article 37 , however, reports the MS/MS of a sodiated complex. The present MS/MS were performed MS/MS on the complex with its three specific ammonium cations. The fact that the drug is expelled from the duplex before NH 3 is a better indication that the drug is not stacked between the tetrads, but is bound outside. David et al. 37 also found that, in contrast with the end-stacking drug Tel01, groove binders did remain attached to the strands upon dissociation. Nevertheless, care
should be taken not to draw hasty conclusions on the binding mode from the MS/MS dissociation pathways alone. In particular, groove binders are usually positively charged molecules, while drugs that are capable of stacking with DNA bases are usually neutral. It has not been demonstrated to date whether the MS/MS dissociation pathway is conditioned by the binding mode, by the charge of the drug, or both.
Triplex DNA
UV-melting in ammonium acetate
The stability of the triple helical structure was monitored in ammonium acetate (150 mM) acidified with acetic acid (pH = 5.5). The change in UV absorbance at 260 nm was followed as a function of temperature ( Figure 9 ). The biphasic profile obtained is characteristic of the triple helical denaturation 41 . The first transition at low temperature (Tm = 35 °C) corresponds to the separation of the antigene strand from the duplex (triplex → duplex + antigene). At higher temperatures, the dissociation of the duplex appears (Tm = 58 °C) (duplex → single strands transition). The triplex is therefore sufficiently stable at room temperature with our sample preparation.
ESI-MS
The observation by ESI-MS of a triple helix DNA structure was possible due to carefully chosen source conditions and appropriate solution medium. In particular, it was found that the Q-TOF2 instrument was more convenient than the LCQ to observe the triplex species. These appear at mass-to-charge ratios typically higher than duplexes, and harsher source conditions are needed to desolvate triplexes. The ESI-MS spectrum is shown in Figure 10 . The triple helical structure appears at charge states 7-(m/z = 1803.5) and 6-(m/z = 2104.3). The charge states could be assigned from the m/z spacing between the multiple sodium adducts. The peak at m/z = 1704.1 corresponds the 14-mer duplex with 5 negative charges, which can be in slight excess compared to the antigene single strand.
ESI-MS/MS
MS/MS was conducted on the [Triplex] 7-species, and the spectrum is shown in Figure 11 .
The triplex fragments via the following pathway: Triplex
7-
→ Duplex 4-+ Antigene 3-. This is similar to the dissociation pathway encountered in solution (see Fig. 9 ): the antigene strand that is bound in the major groove of the double helix is expelled first.
Conclusion
In summary, we have shown that triplex and quadruplex DNA structures can be easily studied by electrospray mass spectrometry in ammonium acetate electrolyte. For quadruplexes in particular, the absence of sodium contamination allowed demonstration of the conservation of specific ammonium cations inside the quadruplex structure. The detection of triplexes, quadruplexes, and complexes with drugs, in easy-to-handle experimental conditions, is very promising for the use of ESI-MS and MS/MS for the study of drug interactions with various DNA targets, and such studies are currently under way in our laboratory. ESI-MS full scan spectra of Q2 (top) and Q3 (bottom) in 150 mM ammonium acetate (pH 7.0). The spectra were recorded using the Q-TOF2. [Triplex] 7- [Triplex] 6- [Duplex]
5- Figure 11 [Triplex] 
